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1. Introduction 



This contribution to the focus issue on Double Beta Decay deals with the connection of 
neutrinoless double beta decay (0^/3/3) [I], 

(A,Z) -> (A,Z + 2) + 2e", (1) 

to neutrino physics. Observation of neutrinoless double beta decay would show that 
lepton number is violated, a finding that would be as important as observation of baryon 
number violation, i.e. proton decay. The huge importance of the process is the reason 
for extensive experimental and theoretical activities, as summarized in various recent 
reviews [2H8]. Indeed, the present time is an exciting time for neutrinoless double beta 
decay. The strongest limit on the life-time stemmed from 2001 [9], and was improved 
very recently [10]. A sizable number of new experiments is already running, under 
construction, or in the planing phase. Different isotopes and experimental techniques 
will be used, see table [U In case more than one experiment sees a signal, it will 
be possible to increase the credibility of the claims, test the nuclear matrix element 
calculations, and maybe even test the underlying mechanism of Ov/3/3. Recent reviews on 
the experimental aspects of Ov/3/3 can be found in [2j[3l[5],[6] , the focus issue contribution 
discussing this is by Zuber. 

The fact that this contribution concentrates on neutrino physics needs to be 
stressed, because one always has to keep in mind that two main possibilities for 
QvPP exist [I]: 
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Table 1. Categorization of running and planned experiments [3] and isotopes under 
consideration. Low energy resolution corresponds to about 10 % at the expected peak, 





high energy resolution 


is 1 % or less. 








Name 


Isotope 


source = 


detector; calorimetric with 


source ^ detector 






high energy res. 


low energy res. 


event topology 


event topology 


AMoRE 


lllu Mo 


/ 








CANDLES 


48 Ca 


- 


/ 




- 


COBRA 


u Cd (and ou le) 






/ 




CUORE 


130 Te 


/ 








DCBA 


82 Se or 150 Nd 








/ 


EXO 


136 Xe 






/ 




GERDA 


76 Ge 


/ 








KamLAND-Zen 


136 Xe 




/ 






LUCIFER 


82 Se or 100 Mo or 116 Cd 


/ 








MAJORANA 


76 Ge 


/ 








MOON 


82 Se or 100 Mo or 150 Nd 








/ 


NEXT 


136 Xe 






/ 




SNO+ 


150 Nd 




/ 






SuperNEMO 


82 Se or 150 Nd 








/ 


XMASS 


136 Xe 




/ 







(i) Standard Interpretation: 

neutrinoless double beta decay is mediated by light and massive Majorana neutrinos 
(the ones which oscillate) and all other mechanisms potentially leading to Oz//3/3 give 
negligible or no contribution; 

(ii) Non-Standard Interpretations: 

neutrinoless double beta decay is mediated by some other lepton number violating 
physics, and light massive Majorana neutrinos (the ones which oscillate) potentially 
leading to give negligible or no contribution. 

Here we will focus only on the standard interpretation of light neutrino exchange. Mas- 
sive neutrinos are firmly established, and the vast majority of models and theories 
predicts neutrinos to be Majorana particles [11]. Therefore, an interpretation of neutri- 
noless double beta decay experiments in terms of neutrino physics is presumably the best 
motivated one. However, one always has to consider the possibility that other physics 
is at the origin of Ozv/3/3. A recent review on the various beyond the Standard Model 
sources for Oz//3/3 can be found in [I]. Alternative interpretations will be dealt with in 
the contribution by Deppisch, Hirsch and Pas, ways to distinguish the mechanisms will 
also be discussed by Fogli and Lisi. Note that, as formulated by the Schechter-Valle 
theorem [12], any mechanism will lead to a neutrino Majorana mass term. However, 
this mass is generated by a 4-loop diagram, and is therefore negligible, see [13] for an 
explicit calculation. 

As it turns out, if the three active neutrinos of the Standard Model are massive 
Majorana particles, observation of 0^/3/3 can give information on the neutrino mass 
ordering, the Majorana CP phases, and the neutrino mass scale. For the latter 
observable, it should be noted that two other ways to measure neutrino mass 
exist, namely in "Kurie-plot" experiments [H] such as KATRIN, or via cosmological 



CONTENTS 



4 



observations [T5]. Different assumptions go into these complementary methods, and an 
interesting discussion arises when signals in two or even all three types of measurements 
are established. There is even more to Qv(3/3: it contains "flavor information", in the 
sense that a number of the many proposed flavor symmetry models for lepton mixing 
has testable predictions for neutrino mass observables, which can be used to test the 
models, or rule them out. 

A popular modification of the standard neutrino picture is to add one or two 
light sterile neutrinos, in order to explain various anomalous signals, such as the 
LSND/MiniBooNE results, the reactor anomaly, or certain cosmological/astrophysical 
observations. See [16] for a detailed description of the current situation. The presence 
of light sterile neutrinos will strongly impact the standard discussion of Ovftft, and is a 
good example on how the physics interpretation of 0v{3/3 can get completely changed in 
case the underlying assumptions are wrong. 

Extracting precise physics results from 0v(3/3 requires precise determination of the 
nuclear matrix elements, which currently is not the case. Nevertheless, recent years saw 
a significant improvement of the calculations, and an extensive experimental program 
was launched p2] in order to support and test the calculations (for the standard mecha- 
nism) as much as possible. These experimental activities are discussed in contributions 
by Ejiri and Frekers, and by Freeman, Grabmayr and Schiffer. Nuclear physics aspects 
will be dealt with by Faessler, Simkovic and Rodin, by Suhonen and Civitarese, by 
Menendez, by Engel and by Vogel. 

In what follows we will summarize general and current aspects of neutrino 
phenomenology and theory in section The main part of this contribution is section [HI 
where we aim to discuss the various aspects of double beta decay and standard neutrino 
physics. Light sterile neutrinos are added to the standard picture in section H] before we 
conclude in section [51 

2. Neutrino physics 

2.1. Neutrino mass and lepton mixing: theoretical origin 

The theory behind neutrino mass and lepton mixing has been reviewed for instance 
in [18]. The only assumption that is necessary for what follows, is that neutrinos are 
Majorana particles. A pragmatic way to achieve this is to accept the presence of the 
unique dimension 5 operator, inversely proportional to the scale A, at which new physics 
sets in [T9] 



Charge conjugated spinors are denoted by the superscript ' c ', L a = (z/ Q ,a) T are the 
lepton doublets of flavor a = e,(j,,r and <3> is the Higgs doublet with vacuum expectation 
value v = 174 GeV. m v is the neutrino mass matrix, given as the Yukawa coupling matrix 




(2) 
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h a p times v 2 divided by the high energy scale A. As can be seen, after electroweak 
symmetry breaking a Majorana mass matrix m u of order v 2 /A is generated. With the 
typical mass scale of m u ~ 0.05 eV, it follows that A ~ 10 15 GeV. 

There are several ways to generate the Weinberg operator C c q in terms of 
fundamental particles. There are three tree-level possibilities, called type I, II and 
III seesaw, the numbering accidently corresponding to their popularity. For the type I 
seesaw [20H23] one introduces right-handed neutrinos, which are weak singlets. One can 
integrate out their Majorana mass matrix Mr, resulting in 

m v = -m T D M^ 1 m D , (3) 

where is a Dirac mass matrix in the term Nrtud ul, expected to be of the order of 
the other Standard Model masses. The Weinberg operator is here realized with A ~ Mr. 
The type II (or triplet) seesaw [21H26] requires scalar Higgs triplets, and the type III 
seesaw [27] fermion triplets. Combinations of the three terms are of course possible, as 
well as more evolved seesaw variants, such as double, linear, or inverse seesaw. There 
are also radiative mechanisms which induce a Majorana neutrino mass matrix via loop 
diagrams, involving new particles [281430] . Very often the heavy (seesaw) messengers 
can generate the baryon asymmetry by their decays in the early Universe, the so-called 
leptogenesis mechanism [3U[32]. Hence, establishing the Majorana nature of neutrinos 
and the presence of CP violation in the lepton sector would strengthen our belief in this 
already very appealing mechanisms. Note however that a link between 0h>/3(3 and the 
baryon asymmetry is not guaranteed. The same is true for the connection between low 
energy CP violation and leptogenesis: leptogenesis is very well possible if the low energy 
CP phases are all zero [33],[3l] . 

Whatever the origin of the dimension 5 operator, neutrinos are Majorana particles: 
uf = C ' vf — Vi. Diagonalizing the mass matrix m„ via 

m v = U* mj iag , where m^ iag = diag(m 1; m 2 , m 3 ) , (4) 

results for the charged current term in the appearance of the Pontecorvo-Maki- 
Nakagawa-Sakata (PMNS) matrix U: 

£ C c = -^=taYU ai v i w f ; . (5) 

We have gone here without loss of generality in the basis in which the charged lepton 
mass matrix is real and diagonal. The neutrino mass states ^1,2,3 are superpositions of 
neutrino flavor states v e ^y- 

= U* ai ^ . (6) 

In the next subsection the observational status of the parameters in m v will be discussed. 

2.2. Neutrino mass and lepton mixing: observational status 

Since the mass matrix is complex and symmetric there are 9 physical parameters in 
m u , usually parameterized as three masses, three angles and three phases. The PMNS 
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Table 2. Global fit results from neutrino oscillation experiments, taken from [40} . 
The values in brackets are for the inverted ordering. 



parameter 


best-fit+j' 7 


2(7 


3(7 




10- 5 eV 2 




7.27- 


8.01 


7.12 - 8.20 




[lO" 3 eV 2 


J 2.53i8:s 


2.34 - 


2.69 


2.26 - 2.77 




(2.40i°;$ 


(2.25- 


2.59) 


(2.15 - 2.68) 


sin 2 V2 


320+ 015 
u.ozu_ 017 


0.29 - 


0.35 


0.27 - 0.37 


sin 2 023 


0.49™ 


0.41 - 


0.62 


0.39 - 0.64 






(0.53lH 5 7 ) 


(0.42 - 


0.62) 


(0.39 - 0.64) 


sin 2 6<i3 


o.o26iS:as 


0.019 - 


0.033 


0.015 - 0.036 






(o.Q27±8:ga) 


(0.020 - 


0.034) 


(0.016 - 0.037) 


5/n 


o-83±8:§S 


- 


2 


0-2 






-0.07 


- 


2 


0-2 



mixing matrix U is unitary and can be written in its standard parametrization adopted 
by the PDG [35] as 

' C12C13 S12C13 s 13 e~ lS \ 

U = 



-S12C23 - C12S23 si 3 e lS C12C23 - S12S23S13 e lS s 23 c 13 

y S12S23 — Ci2C23Si3e 4<5 — C12S23 — S12C23 Si3e 4<5 C 2 3C 13 J 



(7) 



where = sin^, Cy = cos 9ij and 5 is the "Dirac phase" responsible for CP violation 
in neutrino oscillation experiments. In eq. flTJ) we have included a diagonal phase matrix 
P, containing the two "Majorana phases" a and j3: 

P = diag(l,e l V i(/3+5) ). (8) 

These phases are physical only if neutrinos are Majorana particles [36H38] . We have 
included here 5 in P, as a consequence the U e i elements are independent of 5. The 
above parametrization is the product of a 23-, 13- and 12-rotation, then multiplied with 
P, with a phase in the 13-rotation. A "symmetrical parametrization" is also possible, 
in which each individual rotation matrix contains a phase [37]. The resulting PMNS 
matrix is [39] 

/ c 12 c 13 s 12 c 13 e-* 2 s 13 e-^ 13 \ 

-si2C 23 e^ 12 - c 12 si3S2 3 e- iW,23 -^ 3) ci 2 c 23 - s^is^e"^ 12 ^ 23 -^ c l3 s 23 e~ 1 ^ (9) 
\ s i3 s 23 jfa* + *>*) - c 12 s 13 c 23 e^ -c 12 s 23 e^ - s X2 s X3 c 23 e-^-^ c 13 c 23 J 

and its differences to the standard parametrization will be discussed whenever 
appropriate. 

Neutrino oscillation experiments can probe in principle 6 of the nine parameters 
in m„, all angles, one phasdjj and two mass-squared differences (including their sign). 

I In the symmetrical parametrization ^ the phase combination ^13 — 0i2 — 023 governs CP violation in 
oscillations, and one immediately recognizes CP violation as a three-generation phenomenon, involving 
the phases of all three generations. 



u 
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Fitting [30] the general formula 

P {y a Vp ) = § afj _ 4 J2 Re {[/*. Efc f/ Qi } sin 2 ^ 

^ >,J 2 (10) 

+2 £ Im { [/* . Efc C/ Qj } sin ^ , 

with i£ the neutrino energy, L the baseline, and including matter effects whenever 
necessary, to the results of various neutrino oscillation experiments gives the allowed 
ranges in table [2J Regarding the mixing angle #13, or the mixing matrix element 
I ?7e3 1 , there has recently been spectacular progress. Following T2K [31], all three 
reactor experiments have shown evidence for non-zero and sizable \U e3 \, namely Double 
Chooz |32], Daya Bay 03] and RENO [33]: 

Double Chooz: sin 2 26 13 = 0.086 ± 0.051 ^ at 1.9a , 

Daya Bay: sin 2 29 13 = 0.092 ± 0.017 ^ at 5.2a , (11) 
RENO: sin 2 29 13 = 0.113 ±0.023 ^ at 4.9a . 

Combining the reactor date(§| with the other information rules out vanishing U e3 at more 
than 7a. As we will see, the precise value of #13 is not particularly important for Ou/3/3, 
at least for the current and next generation of experiments. Of more importance for 
01/(3(3 is the sign of the atmospheric mass-squared difference Am^ (see section I3T3"|) . and 
the neutrino mass scale (section l3.2p . both are currently unknown. An often overlooked 
issue for neutrinoless double beta decay is the value of #12, which is the best known 
mixing angle, but still induces a sizable uncertainty for life-time predictions in the 
inverted hierarchy [32], comparable to the nuclear physics uncertainty, as we will discuss 
in section 13.31 

The neutrino mass ordering is called normal (inverted) if the atmospheric mass- 
squared difference is larger (smaller) than zero: 

normal : m-i = y / mf+Am^ ; 7723 = a/ m\ + Am\ , 

inverted : m 2 = a/ m§ + Am^ + Am\ ; mi = \J m\ + Am\ . 

With unknown mass ordering and total mass scale there are three extreme cases, namely 



normal hierarchy (NH): m 3 ~ a/ Am\ ^> m 2 ~ a/ Am 2 Q ^> m 1 , 
inverted hierarchy (IH): m 2 — mi ~ a/ Am\ 3> m 3 , (13) 

quasi- degeneracy (QD): m\ = m\ ~ m\ ~ m\ ^> Am\ . 

The neutrino mass scale can be measured with three complementary methods. The most 
model-independent one is by examining electron spectra in /3-decays, i.e. Kurie-plot 
experiments [T3]. The observable neutrino mass parameter is 



§ At the Neutrino 2012 conference in June 2012, Double Chooz have presented new data with 3.1a 
evidence for non-zero U e 3, and also Daya Bay has increased its significance to more than 7a. Also the 
T2K results were updated. 
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The current limit at 95% CL. to this quantity from spectrometer approaches is 2.3 eV 
and 2.1 eV, obtained from the Mainz [16] and Troitsk [^7]H8] collaborations, respectively. 
The KATRIN experiment [I9j[50] has a discovery potential of = 0.35 eV with 5a 
significance and a design sensitivity of = 0.2 eV (90% C.L.). It has been shown 
that neutrino mass determination is very robust with respect to new physics |51j . Such 
kind of experiments have reached their ultimate size, and going lower in mass requires 
alternative approaches. In principle, MARE (using crystal bolometers) [52] and Project 
8 (measuring cyclotron radiation emitted by electrons) [53] can reach limits of 0.1 eV. 

Neutrino mass determination via cosmological and astrophysical observations 
sets constraints on the sum of masses 

E = ^m*. (15) 

Limits depend on the fitted data sets and the underlying cosmological model applied to 
the data, see [TBI [54] for recent summaries. Therefore, it is difficult to set a robust and 
model- independent constraint, upper limits on the sum of masses range from 1.5 eV to 
less than 0.5 eV. It is fair to say that if indeed neutrino masses are such that E ^ 1 eV, 
a rather unusual cosmological model would be needed. 

The third approach to neutrino mass is neutrinoless double beta decay, which 
we will discuss in section [3~2l Obviously, in order to extract neutrino mass from Oz//3/3 one 
needs to assume that neutrinos are Majorana particles, and are the leading contribution 
to the process. The expression on which the life-time of Oz//3/3 depends is 



) = |E f/ >- ( 16 ) 



and upper limits on (m ee ) can be translated in upper limits on mp and E. 

Cosmology gives the strongest limits on neutrino mass, 0u(3(3 and direct searches 
give comparable limits, see section 13.21 However, we stress again the conceptual 
differences of the different approaches to neutrino mass, to be further discussed in section 

E2 



3. Neutrinoless double beta decay and neutrino physics 

Having set the stage, we can discuss the connection of neutrino physics and neutrinoless 
double beta decay. 



3.1. General aspects 

In general, the decay rate of Qvf3f3 can be written as 

r 0l/ = G *(Q> z ) z ) Vx\ 2 , (17) 

X 

where the subscript x denotes the underlying mechanism and r\ x are functions of the 
particle physics parameters responsible for the decay. The nuclear matrix elements 
JA X (A,Z) depend on the mechanism and the nucleus. Finally, G X (Q,Z) are phase 
space factors (depending on the Q-value with Q 5 for most mechanisms including light 




Figure 1. Left: quark level "lobster" diagram for neutrinoless double beta decay in 
case of light Majorana neutrino exchange. Right: geometrical visualization of the 
effective mass. 



neutrino exchange) which can have dependence on the particle physics. Note that the 
possibility of destructive or constructive interference of different mechanisms is present. 
However, here we are only interested in the presence of one particle physics mechanism, 
the exchange of light massive Majorana neutrinos, the ones which are responsible for 
neutrino oscillations. 

The Feynman diagram for 0^/3/3 on the quark level in this interpretation is shown 
in figure [U The amplitude of the process is for the V — A interactions of the Standard 
Model proportional to 

Yl G F U ei ^ 7+ lu 1 ~ = S G P U ^ n 2 7+ 7" ~ Yl G F U ei 7+ lu , 

where 7± = \{\ ± 75), m; is the neutrino mass, q ~ 100 MeV is the typical neutrino 
momentum (corresponding to the typical nuclear distance of about 1 fm), and U e i an 
element of the first row of the PMNS matrix. The linear dependence on the neutrino 
mass is expected from the requirement of a spin-flip, as the neutrino can be thought of 
as being emitted as a right-handed state and absorbed as a left-handed state. 

The decay width of Oz^/3/3 is therefore proportional to the square of the so-called 
effective mass 

K> = IX^H = + \mf}\ e 2 * + \m^\e^\ , (18) 

which is visualized in figure [T] (right) as the sum of three complex vectors mie' 2 ' 3 ''. The 
effective mass is a coherent sum, which implies the possibility of cancellations. Note 
that since we have included 5 in P (see (jSJ), the Dirac phase does not appear in (m ee ), 
which is the way it should be. In the symmetrical parametrization (|9]) the effective mass 
is given as 

(mee) = 144772! + 44 m 2 e 2 ^ 12 + 4 m 3 e 2i ^ \ , (19) 

so only the two Majorana phases appear in (m ee ) [39] . 

Neutrinoless double beta decay is suppressed by the extremely small ratio of 
neutrino mass m 8 ^ 0.5 eV and momentum transfer \q\ ~ 10 8 eV, and therefore only 
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Avogadro's number provides a chance to create situations in which the Majorana nature 
of neutrinos is observable. Compare this for instance with the decay K~ — > ir + e~e~, 
which has a similar momentum scale, and has an extremely tiny branching ratio of about 

BR(K~ 7T+ e-e") ~ 10~ 33 (^^j 2 , (20) 

to be compared with the experimental upper limit of 6.4 x 10~ 10 [55] . 

Turning to experimental aspects, it is important to note that the life-time reach 
that can be obtained in an experiment depends on the background level: 

a Met without background, 

(T^r 1 oc { rwr (2i) 



as \ with background. 

V B A-B 

Here M is the mass, t measurement time, B background index with natural units of 
counts/(keV kg yr) and AE the energy resolution at the peak. Noting that the decay 
width depends quadratically on the particle physics parameter, it is clear that within 
background dominated experiments an improvement of the particle physics by a factor 
2 implies a highly non-trivial combined improvement of 16 on background index, energy 
resolution, mass and measurement time. 

There are similar (and more difficult to observe) processes called neutrino-less 
double beta" 1 " decay (A, Z) — > (A, Z — 2) + 2 e + (Oz//3 + /3 + ), beta + -decay electron capture 
+ (A, Z) (A, Z - 2) + e+ (0z//3+EC), or double electron capture 2 + (A, Z) -»■ 
(A, Z — 2)* (Oz/ECEC) of bound state electrons (discussed in this focus issue by 
Blaum, Eliseev and Novikov), which can also be searched for. Observation of one of those 
processes would also imply the non-conservation of lepton number. The rates depend 
on the particle physics parameters in the same way as 0^/3/3 does, we can therefore focus 
on Qvpp. 

The effective mass depends on 7 out of the 9 physical parameters of low energy 
neutrino physics (only 823 and the Dirac phase do not appear), hence contains an 
enormous amount of information. It is the only realistic observable in which the two 
Majorana phases appear. For the other five parameters there will be complementary 
information from oscillation experiments or other experiments probing neutrino mass. 
It is also noteworthy that (m ee ) is the ee element of the neutrino mass matrix m v , see 
eq. (|3D, which is a fundamental object in the low energy Lagrangian. In terms of the 
origin of neutrino mass, (m ee ) is h ee v 2 /A, see eq. (J2J). 

In the standard and symmetrical parametrization of the PMNS matrix we have 



(22) 



The individual masses can, using eq. (fl2]) . be expressed in terms of the smallest mass 
and the mass-squared differences, whose currently allowed ranges, as well as those of 
the mixing angles, are given in table El A typical analysis of the effective mass would 



\m$\ 


= mi 


\u el 


2 


= mi Ci 2 


c 13 ) 


\mfj\ 


= m 2 


\u e2 


2 


= m 2 s\ 2 


c 2 


\m£)\ 


= m 3 


\u e3 


2 


= m 3 sf 3 
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Normal Inverted 




Figure 2. Effective mass against the smaliest neutrino mass for the 3cr ranges (top) 
and best-fit values (bottom) of the oscillation parameters. The green and red shaded 
areas are the general 3<7 ranges, while the blue shaded areas can only be realized if the 
CP phases take non-trivial values. (±, ±) denote different CP conserving situations, 
corresponding to signs of rri2 and 7713, relative to positive mi. Prospective future values 
of £ and mp are also given. 

plot it against the smallest neutrino mass [561466] . while varying the Majorana phases 
and/or the oscillation parameters. This results in figure [2, for which the best-fit values 
and 3<t ranges of the oscillation parameters have been used. The blue shaded areas 
are interesting because they can only be covered if the CP phases are non-trivial (see 
section [33]). It is also interesting to plot the effective mass against the other neutrino 
mass observables E and mp, which is shown in figure [31 Such plots are helpful if more 
than one of the complementary neutrino mass experiments finds a signal. The simple 
analytical expressions for (m ee ) in certain extreme cases are given in figure [H 
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Normal Inverted 





Figure 3. Effective mass against sum of masses E and kinematic neutrino mass mp 
for the 3cr ranges of the oscillation parameters. The green and red shaded areas are the 
general 3ct ranges, while the blue shaded areas can only be realized if the CP phases 
take non-trivial values. Prospective future values of E and mp are also given. 



In order to translate the effective mass into life-time, one needs to give the 
phase space factor G(Q, Z) and the (range of) nuclear matrix elements. It is an 
ongoing discussion on which NMEs one should use, and what their uncertainty is. 
The contributions to the focus issue by Faessler, Simkovic and Rodin, by Suhonen 
and Civitarese, by Menendez, by Engel and by Vogel will discuss this at length. We will 
stick here for definiteness to the compilation from [35] , displayed in figure [5] (see also 
recent compilations in [5], [76], [77]). The current limits on 0vf3(3 and the required phase 



CONTENTS 



13 



Table 3. Life-time limits on neutrinoless double beta decay at 90 % C.L. and limits 
on the effective mass extracted with the matrix element compilation from figure [5] 
Note that the range of nuclear matrix elements leads to a range for the upper limits 
on (m ee ). Phase space factors are taken from [67] . 



Isotope 


T?/ 2 [yrs] 


Experiment 


G [10~ 14 yrs" 1 ] 


(mee)!™ [eV] 

\ °W ITIIII L J 


(^eeC [eV] 
\ °w max l j 


48 Ca 


5.8 x 10 22 


CANDLES P] 


6.35 


3.55 


9.91 


76 Ge 


1.9 x 10 25 


HDM [9] 


0.623 


0.21 


0.53 




1.6 x 10 25 


IGEX [69] 




0.25 


0.63 


82 Se 


3.2 x 10 23 


NEMO-3 [70] 


2.70 


0.85 


2.08 


96 Zr 


9.2 x 10 21 


NEMO-3 [71] 


5.63 


3.97 


14.39 


100 Mo 


1.0 x 10 24 


NEMO-3 [70] 


4.36 


0.31 


0.79 


116 Cd 


1.7 x 10 23 


SOLOTVINO [72] 


4.62 


1.22 


2.30 


130 Xe 


2.8 x 10 24 


CUORICINO [73] 


4.09 


0.27 


0.57 


136 Xe 


1.6 x 10 25 


EXO-200 [IU] 


4.31 


0.15 


0.36 




5.7 x 10 24 


KamLAND-Zen [H 


1 


0.25 


0.60 


i50 Nd 


1.8 x 10 22 


NEMO-3 [75] 


19.2 


2.35 


5.08 



Table 4. Details of the most advanced experiments. Given are life-time sensitivity 
and the expected limit on (m ee ), using the NME compilation from figure El Note that 
the range of nuclear matrix elements leads to a range for the expected sensitivity on 
(m ee ). 



Experiment 


Isotope 


Mass [kg] 


Sensitivity 


Status 


Start of 
data-taking 


Sensitivity 
K) [eV] 


GERDA 


76 Ge 


18 
40 
1000 


3 x 10 25 
2 x 10 26 
6 x 10 27 


running 
construction 
R&D 


~ 2011 
~ 2012 
~ 2015 


0.17-0.42 
0.06-0.16 
0.012-0.030 


CUORE 


i30 Te 


200 


6.5 x 10 26 * 
2.1 x 10 26 ** 


construction 


~ 2013 


0.018-0.037 
0.03-0.066 


MAJORANA 


76 Ge 


30-60 
1000 


(1 - 2) x 10 26 
6 x 10 27 


construction 
R&D 


~ 2013 
~ 2015 


0.06-0.16 
0.012-0.030 


EXO 


136 Xe 


200 
1000 


6.4 x 10 25 
8 x 10 26 


running 
R&D 


~ 2011 
~ 2015 


0.073-0.18 
0.02-0.05 


SuperNEMO 


82 Se 


100-200 


(1 - 2) x 10 26 


R&D 


~ 2013-15 


0.04-0.096 


KamLAND-Zen 


136 Xe 


400 
1000 


4 x 10 26 
10 27 


running 
R&D 


~ 2011 
~ 2013-15 


0.03-0.07 
0.02-0.046 


SNO+ 


i50 Nd 


56 
500 


4.5 x 10 24 
3 x 10 25 


construction 
R&D 


~ 2012 
~ 2015 


0.15-0.32 
0.06-0.12 
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Figure 4. The main properties of the effective mass as function of the smallest 
neutrino mass. Here nig denotes the common mass for quasi-degenerate neutrinos and 
t\2 = tan #12. We indicate the relevant formulae and the three important regimes: 
hierarchical, cancellation and quasi-degeneracy. See |63j . 
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Figure 5. Nuclear matrix element compilation for Ov/3/3, different isotopes and 
calculational approaches. 
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space factors are given in table El together with the resulting limits on the effective 
mass. Note that the range of nuclear matrix elements leads to a range for the upper 
limits on (m ee ). The current limit on the effective mass is thereford^ 

(m ee ) < 0.4 eV . (23) 

We stress here that the very recent result from EXO-200 [10] has finally improved the 
long-standing best limit from the Heidelberg- Moscow experiment [9]. Details of the 
most advanced experiments in what regards their expected limits on the effective mass 
can be found in table HJ It is worth to take a closer look at the interesting features of 
the effective mass shown in figure HI 

• in the normal hierarchy case, the effective mass is smallest, somewhere in the meV 
regime: 

(m ee ) NH ~ yjAm% sin 2 12 + y / ' Am 2 A sin 2 13 ~ 0.004 eV . (24) 

The meV scale of the effective mass should be the final goal of experiments. The 
half-lifes corresponding to meV effective masses are 10 28 to 10 29 yrs; 

• for certain values of the parameters the effective mass can even vanish. This 
unfortunate situation will be discussed in section 13. 5j 

• for the inverted hierarchy the effective mass cannot vanish. In the limit of negligible 
m 3 I U e z | 2 one has 

( m e e)™ x = \j Am 2 , c l3 < (™ ee ) IH < \l Am A c 13 cos 2 ^12 = (?™ee)™ • ( 25 ) 

Due to the non-maximal value of 6*12 the minimal value of the effective mass is 
non-zero [60]. Therefore, if limits below the minimal value 

(meeYZ = ("Oil = (1 " \U e3 \ 2 ) VA^l (1 - 2 sin 2 6 l2 ) , (26) 
are reached by an experiment, the inverted mass ordering is ruled out if neutrinos 
are Majorana particles. If we knew by independent evidence that the mass ordering 
is inverted (by a long-baseline oscillation experiment or a galactic supernova 
observation) then we would rule out the Majorana nature of neutrinos. Of course, 
one has to assume here that no other lepton number violating mechanism interferes. 
The two scales of (m ee ) corresponding to the minimal and maximal value in case of 
the inverted hierarchy, given in eq. (I25I) . should be the intermediate or long-term 
goal of experiments. The typical effective mass values of order 0.02 eV are one 
order of magnitude larger than those for the normal hierarchy and roughly one 
order of magnitude smaller than for quasi-degenerate neutrinos. They correspond 
to half-lifes of order 10 26 to 10 27 yrs; 

• in the quasi-degenerate regime, both mass orderings are indistinguishable, the 
effective mass in this case reads 

(m ee ) QD = m \c\ 2 c 2 3 + s\ 2 c 2 3 e 2lQ + s 2 13 . (27) 

|| There is a much debated claim [78] of observation, which corresponds to a value of (m ee ) of about 
0.2 to 0.6 eV. 
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Table 5. Approximate analytical expressions for the neutrino mass observables for the 
extreme cases of the mass ordering. For 0^/3/3 the typical (isotope-dependent) half-lifcs 
are also given. 





S 














NH 


~ 0.05 eV 


y/sin 2 9 12 Am% + \U e3 \ 2 Am 2 A 
~ 0.01 eV 


sin 2 9 12 ^Aml + |[/ e3 | VAmie 2 ^"/ 3 ) 
- 0.004 eV => T\/2 ~ 10 28 " 29 yrs 




IH 


2^ Am 2 A 
~ 0.1 eV 


~ 0.05 eV 


y 7 Am\ yjl — sin 2 2#i 2 sin 2 a 
~ 0.02 eV => T^ 2 > 10 26 - 27 yrs 


QD 


3toq 


mo 


itiq\/ 1 — sin 2 2#i2 sin 2 a 
> 0.1 eV =>■ T°J 2 > 10 25 - 26 yrs 



This expression cannot vanish either. It corresponds, for (m ee ) ~ 0.1 eV, to 
half-lifes in the ballpark of 10 25 to 10 26 yrs, hence the QD mass scheme is currently 
tested; 

• it is evident from the approximate expressions of the effective mass and figure H] 
that the recently found sizable value of U e ^ is currently of minor importance for 
0v/3/3. The difference between the maximal effective mass in the normal hierarchy 
and the minimal value in the inverted hierarchy shrinks a bit [63] . In addition, the 
area in which the effective mass vanishes becomes larger. These properties pose no 
problem for current and next-generation experiments. 

The approximate expressions for the effective mass and the other neutrino mass 
observables are summarized in table [5j Table [6] attempts to illustrate the 
complementarity of neutrino mass observables. Prospective sensitivity values of mp = 
0.2 eV, (m ee ) = 0.02 eV, and E = 0.1 eV are assumed and the interpretation of positive 
and/or negative results in all 3 approaches is given. 



3.2. Neutrino mass 

With a current limit (^ee)^^ on ^ ne effective mass, which corresponds to the quasi- 
degenerate regime, one can obtain the following limit on the neutrino mass: 

m ° " (mee) — 1 - W ^T-^Veal 2 = ' (28) 

Note that m is in the QD regime identical to mp, i.e. to the quantity measured in 
Kurie-plot experiments. The function f(6u, #13) varies from 2.75 to 3.43 at la and from 
2.28 to 4.66 at 3<r. The limit on the effective mass is about 0.4 eV (see (1231) ). and hence 
m o — 1-4 eV and 1.9 eV, respectively. Therefore, the current limit on m from 0^/3/3 is 
very similar to the one from the Mainz experiment. In the QD regime one further has 
the relation mo = E/3. 

Perhaps more interesting is the determination of the neutrino mass scale in future 
experiments if information from complementary neutrino mass observables is combined. 
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Table 6. "Neutrino mass matrix" for the present decade. It is assumed that KATRIN 
will reach its sensitivity limit of mp = 0.2 eV, that Oz^/3/3-expcrimcnts can obtain 
values down to (m ee ) — 0.02 eV, and that cosmology can probe the sum of masses 
down to £ = 0.1 eV. With "yes" a positive measurement is denoted, while "no" refers 
to no observation at the limit. M denotes Majorana neutrino, D Dirac neutrino, N-SI 
non-standard interpretation of 0^/3/3, N-SC non-standard cosmology. 
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Figure 6. la, 2a and 3a regions in the m3-(m ee ) cyLp plane for a quasi-degenerate 
neutrino mass scenario. The left plot assumes no NME uncertainty, the right plot 
assumes 25% uncertainty. The correct (solid line) as well as two possible incorrect 
cosmological measurements (dashed lines) are used. See [79] . 



For instance, Ref. [79] (see also [80]) has performed a statistical analysis of prospective 
data, see figure EJ Using realistic errors for the experimental quantities, it was found 
that the neutrino mass can be determined (at 3<r) with 15 % to 25 % uncertainty, 
depending on the NME uncertainty. The precision is largely determined by cosmology, 
the uncertainty of the oscillation parameters is of little importance. 

3.3. Neutrino mass ordering 

From figure[2]the interesting possibility of ruling out the inverted mass ordering becomes 
obvious. The minimal value of the effective mass, repeated here for convenience, is non- 
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Figure 7. Required half-life sensitivities to exclude and touch the inverted hierarchy 
for different values of 6*i 2 , using the compilation of NMEs from figure OH The upper 
plots show the necessary half-lifes for sin 2 612 = 0.27 (upper left) and sin 2 6*12 = 0.38 
(upper right). The lower left plot includes the current 3cr uncertainty for # 12 . The 
lower right plot shows the necessary half-lifes in order to touch the inverted ordering, 
which is independent on # 12 . The small horizontal lines show expected half-life 
sensitivities at 90% C.L. of running and planned Oz^/3/3-experiments. When two 
sensitivity expectations are given for one experiment they correspond to near and 
far time goals. See (15] . 



zero and given by 

Ke>™ = (1 - \U e3 \ 2 ) sj&mi (1 - 2 sin 2 6 12 ) . (29) 

If a limit on the effective mass below this value is obtained, the inverted ordering is 
ruled out if neutrinos are Majorana particles. In case the mass ordering is known to be 
inverted then the Majorana nature of neutrinos would be ruled out. 

One can translate the effective mass necessary to rule out (or touch) the inverted 
hierarchy into half-lifes, see table S] and figure [3 We note that currently running 
experiments will not fully probe the inverted hierarchy regime. The crucial dependence 
on #12 has recently been discussed in [45]. The current 3a range of 9i 2 corresponds to 
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an uncertainty of a factor ~ 1.77 in the minimal value of the effective mass, which is 
of the same order as the current uncertainty in the NMEs. The factor 1.77 due to Q\ 2 
corresponds to a factor of 1.77 2 ~ 3.13 in half-life. In experiments with background, 
see (121]) . this means a rather non-trivial combined factor of 1.77 4 ~ 10 in the product 
of measuring time, energy resolution, background index and detector mass. Therefore, 
a precision determination of the solar neutrino mixing angle would be very desirable to 
evaluate the requirements and physics potential of upcoming O^/3/3-experiments in order 
to test the inverted ordering [15] . 



3.4- Majorana phases 

Determining a Majorana CP phase from neutrinoless double beta decay is probably the 
most difficult physics goal related to Oz//3/3 [8TH87] . Note that there are two Majorana 
phases and only one observable, (m ee ), and thus only one (or a combination) of the 
phases can be extracted in principle. In addition, complementary information on the 
neutrino mass scale has to be put in for such a measurement, and only for the inverted 
ordering or the quasi-degenerate scheme a phase determination is conceivable at all. 

A somewhat pessimistic point of view was presented in [88], whereas [89] found the 
requirements not too unrealistic. Recalling figure EJ it is clear that in experiments one 
should find results lying in the areas indicated with "CPV" , which are however smeared 
by experimental and theoretical uncertainties. Neglecting # 13 , the effective mass for the 
IH or QD cases is proportional to 

(mee) oc I cos 2 12 + e 2ia sin 2 12 1 = v 7 ! - sin 2 26 12 sin 2 a . (30) 

Therefore, the larger 6\ 2 is, the more promising it is to extract a from measurements. 
Recall that ruling out the inverted mass ordering is easier if # 12 is small. A detailed 
statistical analysis has been performed in [80], see figure [HJ One can see that, as 
expected, for larger values of 6\ 2 the areas in parameter space become larger. 



3.5. Vanishing effective mass 

Unfortunately, the normal mass hierarchy can allow for complete cancellation of the 
effective mass. In terms of figure [T], this "cancellation regime" means that a triangle 
can be formed. Neglecting m 1; one needs 
m 2 tan 2 13 



_ 3 tan 2 13 ~ 0.08. (31) 
m 3 sin^ 0i2 

The Majorana phases need to be such that the two surviving terms have opposite sign. 
For the general case one finds [90J 

2 4 4/'24i24\ 2414/24 2 4 \ 

m 3 s 13 — c 13 {m 1 c 12 + m 2 s 12 ) „ m 3 s 13 + c 13 {m 2 s 12 — m 1 c 12 ) , . 

)s2a = 2 2 4 ' cos 2 P = o 2 — 2~^ • ( S2 ) 

2 mi ^2 sf 2 cf 2 cf 3 2 m 2 m 3 s{ 2 sf 3 cf 3 
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Figure 8. Constraints on the Majorana phase 2a (here called 021) at 95% C.L. from 
an observed (m ee ) cxp = 0.3 eV and prospective data on E, as a function of the NME 
uncertainty factor. Shown are the regions in which the data are consistent with a CP 
conserving value (hatched), observed S is inconsistent with (m ee ) cxp (light-shaded), 
and Majorana CP violation is established (red/dark-shaded). Taken from [50] , 



It may seem unnatural that the 7 parameters on which (m ee ) depends conspire in such 
a way that the effective mass vanishes^- However, recall that the effective mass is the 
ee element of the Majorana neutrino mass matrix. This matrix is generated by the 
underlying theory of mass generation, and texture zeros occur frequently in such flavor 
models (cf. section I3U]) . see [91] for a general analysis and (92] for symmetries leading 
to (m ee ) = 0. 

Experimentally, the effective mass can be considered zero if it is below 10 -4 eV, 
no future experiment that currently is envisaged can reach such low values. If one of 
the complementary neutrino mass measurements finds a signal, then this means that 
neutrinos are QD or IH, and therefore the effective mass cannot vanish. 

3. 6. Distinguishing flavor models 

There is an industry of model building in order to explain the peculiar mixing structure 
of leptons that is so different to quark mixing [93rf95] . Many models lead to the same 

% See j4] for a list of corrections which can lead to non-zero (m ee ). Note that the renormalization 
group running in the effective theory is multiplicative and cannot generate a non-zero value. Typically, 
if non-zero, the effective mass slightly increases from low to high scale. 
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Figure 9. Allowed regions in (m ee ) — £ parameter space for the sum-rules ^ + ^- = 
^ (top) and ^ + ^ = ^ (bottom), for both the TBM (black) and 3cr values 
(light red) of the oscillation data, as well as for the sum-rules violated by 30% (green 
hatches). See [98] . 



neutrino mixing scheme, in particular tri-bimaximal mixing (TBM): 
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The prediction f/ e3 = can be corrected to non-zero values by a variety of mechanisms, 
and there are also many alternatives to TBM [96]. It turns out that neutrino mass 
observables can help in disentangling the vast amount of flavor symmetry models. One 
example is that the flavor symmetry leads to correlations of the mass matrix elements, 
which imply correlations of observables. For instance, the effective mass could be 
correlated with the atmospheric neutrino parameter sin 2 #23 [97] . Recall that in general 
#23 has no influence on (m ee ). 

Another point are neutrino mass "sum-rules": the most general neutrino mass 
matrix giving rise to TBM is given above. As such, the (complex) eigenvalues A — B, 
A + 2 B and D are independent of the mixing angles: no matter what A, B, D are, 
the PMNS mixing is given as above. However, very often the structure of the mass 
matrix is simpler, and "sum-rules" between the neutrino masses arise. Examples are 
2/rri2 + l/ms = 1/mi or I/77J2 + I/7713 = \jvii\ (here the masses are understood to be 
complex, i.e. including their Majorana phases). As a consequence of the sum- rules, not 
all masses and phases are allowed, and detailed studies of the predictions can be found 
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in [§8Hl(JUj . See figure M for an explicit example where relations between the neutrino 
masses forbid certain areas in parameter space. 

3. 1. Exotic modifications of the three neutrino picture 

There are a number of very exotic modifications to the standard picture discussed so 
far, which we will shortly discuss in this section. 

The most obvious modification is that neutrinos are Dirac particles, in which 
case there is no neutrinoless double beta decay and reading this review was all in vain. 
Though in fact Dirac neutrinos are the most straightforward SM extension that can 
explain massive neutrinos, the associated Yukawa couplings to generate masses less 
than eV are at least 6 orders of magnitude smaller than the electron Yukawa coupling. 
For muon and tau neutrinos the coupling is even smaller than the one of the associated 
charged lepton. Since the masses in quark doublets are very close to each other, one 
considers the extreme hierarchy in the lepton masses as unnatural and fine-tuned. This 
is one of the reasons why the Weinberg operator (|2j) and its explicit realizations in 
terms of seesaw mechanisms, which suppress neutrino mass naturally, are considered as 
realistic origin of neutrino mass. 

Dirac neutrinos can be written as two maximally mixed Majorana neutrinos with 
common mass rrii and opposite CP parity. The effective mass is then 

^y||t^| 2 (m i + m i e iK )=0. (33) 

i 

A small splitting of the degeneracy of a state can be described with the mass matrix 

l)^ = <Jl(\-\ + } ) and m - = m < ( ±l + 1) ■ (34) 

with the indicated new eigenstates and mixing (sub-)matrix. These Pseudo-Dirac 
neutrinos lead to a very small contribution to the effective mass of about eirii = 
^5m 2 /mi, with 5m 2 = (mf) 2 — (m^) 2 . See [101] for current constraints on 5m 2 from 
oscillation experiments. If all three states are Pseudo-Dirac the effective mass is basically 
zero [I~02] . 

If one or two are Pseudo-Dirac interesting predictions for the effective mass arise. 
This can happen in "bimodal" or "schizophrenic" scenarios |103j . in which at leading 
order one or two mass states are Dirac particles while the other one is Majorana. For 
instance, if is a Dirac particle then the effective mass in the inverted hierarchy is 
(m ee ) ~ a/ Am} c\ 2 cf 3 , roughly a factor of two larger than the minimal value in the 
standard case [103j . see ( 125|) . A generalization to all possibilities can be found in [104] . 

Another exotic property is CPT violation. Interesting consequences for Ou/3/3 have 
been considered in |105j . where a simple one family example was discussed. Strictly 
speaking, the neutrinos cannot fulfill the Majorana condition, but neutrinoless double 
beta decay still can take place. 
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The situation is slightly different for tachyonic neutrinos, whose equation of 
motion does not allow to define a charge conjugation, and Ov/3/3 has been argued to be 
absent [JDSEE]. 

4. Light sterile neutrinos 

The majority of neutrino experiments is consistent with the 3-neutrino picture. The 
noteworthy exception is a number of measurements and observations in particle physics, 
astrophysics and cosmology that can be explained with the presence of light (eV or sub- 
eV) sterile neutrinos. See [16] for a review on the current situation. Typical values 
are Am 2 t ~ 1 eV 2 , and mixing of order Ue^ ~ 0.15 |108| . Scenarios with two or more 
sterile neutrinos are mildly disfavored by cosmology, since they contribute with two 
eV-scale masses to the sum of masses and with additional degrees of freedom [109] . On 
the other hand, scenarios with two sterile neutrinos provide better fits to the anomalous 
experimental results. Moreover, while oscillation analysis require typically mass-squared 
differences close to eV, cosmology would work better with less than eV masses. A 
number of dedicated oscillation experiments will put the sterile neutrino hypothesis to 
the test [IE], and definite answers might be present within this decade. 

What is the effect for neutrinoless double beta decay? This has been discussed 
several times in the past [T WH^I For one sterile neutrino, the effective mass is now 
a sum of four terms, the additional term quantifies the sterile contribution: 

(m ee ) = | \U el \ 2 mi + \U e2 \ 2 m 2 e 2ia + \U 2 3 \m 3 e 2if} + \U eA \ 2 m A e 2i$1 | . (35) 



-v— 



/ \ act / \ st 

{m ee } {mee} 

Here |(m ee ) act | is the 3-neutrino contribution discussed so far, and {m ee ) st the sterile 
one. 

Note that in case sterile neutrinos are present, the symmetrical parametrization (Q 
has several advantages [22] • For instance, if there is one sterile neutrino there are six 
independent rotations and six CP phases (3 Dirac and 3 Majorana). If each rotation 
contains a phase, the very often awkward attribution of CP phases to the PMNS matrix 
is not necessary, and taken care of automatically. 

Suppose the easiest (and least problematic in what regards cosmology) case that 
there is only one sterile neutrino, and that it is heavier than the 3 active ones. The 
complete list of possibilities including the case of two sterile neutrinos can be found in 
Refs. |113H115j . These other cases are usually corresponding to quasi-degenerate mass 
schemes. Recall from above that |(wJ ee )^ H | can vanish and that |(m ee )^ | cannot vanish, 
having a typical value of 0.02 eV. With the typical sterile neutrino parameters given 
above one has 

> \(m ee )* ct 



(m 



> st | ~ ^/AmJ t \U e ,\ 2 * 0.02 eV { * p e >™ ' (36) 



+ Obviously, such sterile neutrinos can also be tested also in the other neutrino mass approaches, 
i.e. KATRIN and cosmology. 
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Figure 10. Effective mass against the smallest mass in case one sterile neutrino, 
heavier than the 3 active ones, is present. The black solid and dashed lines correspond 
to the standard 3 neutrino best- fit and 2a cases. See |113j . 



Therefore, if the active neutrinos are normally ordered, the effective mass cannot vanish 
anymore, whereas it can vanish when they are inversely ordered |113j . Hence, the 
usual standard phenomenology has been completely turned around! Given that the 
addition of light sterile neutrinos is presumably the simplest modification of the standard 
picture, this example shows that when discussing the physics potential of Ovflfl one 
should carefully list one's assumptions. Figure [ID] is a more detailed analysis of the 
situation |113j . in which the smallest mass is plotted against the effective mass, where 
the sterile neutrino parameters are from the global fit results of |108] . 

5. Summary 

In this contribution we have focussed on the presumably best motivated neutrino physics 
aspect of neutrinoless double beta decay, but there are many other scenarios which can 
lead to Oz//3/3, including left-right symmetry, supersymmetry, extra dimensions, etc. A 
similar discussion to the one presented here can be performed for all of them, involving 
tests in collider physics, lepton flavor violation and so on. If a signal in neutrinoless 
double beta decay is established in one or more experiment, an exciting physics program 
will start, aiming to pin down the underlying mechanism. 

It is indeed an exciting time for neutrinoless double beta decay and neutrino physics. 
A number of experiments is testing new life-time regimes of neutrinoless double beta 
decay, impressively encompassing enormous experimental difficulties. Theoretical and 
experimental progress of the nuclear physics part is also rapidly increasing. Combined 
with the progress in neutrino oscillation physics, and its further improvement in the 
years to come, we are about to enter new and unexplored regimes. The future will show 
which part of the large physics potential can be realized, or if even new possibilities 
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open up. 
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